Objective: Glioneuronal tumors (GNTs) are well-recognized causes of chronic drug-resistant focal epilepsy in children. Our practice involves an initial period of radiological surveillance and antiepileptic medications, with surgery being reserved for those with radiological progression or refractory seizures. We planned to analyze the group of patients with low-grade GNTs, aiming to identify factors affecting seizure and cognitive outcomes. Methods: We retrospectively reviewed the medical records of 150 children presenting to Great Ormond Street Hospital with seizures secondary to GNTs. Analysis of clinical, neuroimaging, neuropsychological, and surgical factors was performed to determine predictors of outcome. Seizure outcome at final follow-up was classified as either seizure-free (group A) or not seizure-free (group B) for patients with at least 12-months follow-up postsurgery. Full-scale intelligence quotient (FSIQ) was used as a measure of cognitive outcome. Results: Eighty-six males and 64 females were identified. Median presurgical FSIQ was 81. One hundred twenty-one patients (80.5%) underwent surgery. Median follow-up after surgery was 2 years, with 92 patients (76%) having at least 12 months of follow-up after surgery. Seventy-four patients (80%) were seizurefree, and 18 (20%) continued to have seizures. Radiologically demonstrated complete tumor resection was associated with higher rates of seizure freedom (P = .026). Higher presurgical FSIQ was related to shorter epilepsy duration until surgery (P = .012) and to older age at seizure onset (P = .043). Significance: A high proportion of children who present with epilepsy and GNTs go on to have surgical tumor resection with excellent postoperative seizure control. Complete resection is associated with a higher chance of seizure freedom. Higher presurgical cognitive functioning is associated with shorter duration of epilepsy prior to surgery and with older age at seizure onset. Given the high rate of eventual surgery, early surgical intervention should be considered in children with continuing seizures associated with GNTs.
| INTRODUCTION
Glioneuronal tumors (GNTs) consist of a mixture of glial and neuronal cells and are a common cause of chronic focal epilepsy in children. 1 The majority of GNTs consist of gangliogliomas (GGs) and dysembryoplastic neuroepithelial tumors (DNTs). 2 Epilepsy secondary to these tumors is often resistant to pharmacological treatment, 3 and in this context, surgical tumor resection may provide effective seizure control. 1, 4 The surgical management of GNTs is typically influenced by oncological factors (ie, tumor progression) and/or the treatment of the associated epilepsy. 5 The main goal of epilepsy surgery is resection of the epileptogenic zone while minimizing postoperative deficits. 6 Effective seizure control rates can be achieved postsurgery when concordance exists between clinical, electrophysiological, and radiological data. 7 Rates of complete seizure freedom postoperatively vary from 62% 8 to 100%. 9 The duration of epilepsy until surgery, degree of tumor resection, seizure type, and age at seizure onset have all been suggested to be factors relating to seizure outcome after surgery for GNTs. 1, 3, 10, 11 The focus of the current published literature is seizure outcome after surgery. There is limited understanding of the factors that predict seizure outcome after surgery, and few data are available on the pre-and postoperative cognitive functioning in children and adolescents with GNTs. [12] [13] [14] Identifying the predictors of seizure and cognitive outcomes is paramount for patient selection and presurgical counseling. The aim of this study is to describe the experience and outcomes of pediatric patients presenting to our institution with GNT-associated epilepsy and to identify factors associated with postoperative seizure and cognitive outcomes, thereby improving patient selection and identifying the optimal time point for surgical intervention.
| MATERIALS AND METHODS

| Patient selection
A single-institution retrospective analysis was approved by the local review board. Patients presenting to Great Ormond Street Hospital (GOSH) with seizures associated with presumed GNTs were identified by probing the electronic clinical document database using the search terms "glioneuronal tumors," "ganglioglioma," "dysembryoplastic neuroepithelial tumor," and "epilepsy." The search returned 3500 documents, which were carefully examined.
Clinical, neuroradiological, and neuropathological data were collected. Requirements for inclusion in the study were:
1. Seizures as the presenting symptom; 2. Complete clinical datasets available; 3. Preoperative magnetic resonance imaging (MRI) available for review; 4. Presumed GNT identified on radiological imaging; or 5. GNT confirmed on postoperative histopathology in those who underwent surgical resection.
| Presurgical evaluation
All children underwent routine presurgical evaluation. This included full history and neurological examination, videoelectroencephalographic telemetry, and MRI. In children with sufficient cognitive ability, the Wechsler Intelligence Scale for Children was used to assess neuropsychological status and calculate full-scale intelligence quotient (FSIQ). Potential surgical candidates were discussed at a multidisciplinary epilepsy surgery meeting to determine suitability for surgery. Current practice at GOSH consists of an initial period of radiological surveillance and medical management, with surgery being reserved for those with tumor progression on serial radiological evaluation or medically refractory seizures (defined as the failure of 2 or more appropriately selected antiepileptic drugs [AEDs] to control seizures 15 ). The decision to offer surgery is based on predicted seizure outcome from presurgical data and surgical risks related to tumor location.
| Surgical procedure
Surgical resection was performed at GOSH by 1 of 2 consultant pediatric neurosurgeons (M.M.T. and W.H.). The aim of surgery was removal of the lesion identified on MRI and in selected cases guided by intraoperative
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• A shorter duration of epilepsy and an older age at seizure onset are associated with higher cognitive functioning electrocorticography. The tumor was resected, and the adjacent tissue was removed up to the next pial border so long as presumed eloquent cortex was not involved in the resection. After surgery, the tissue was submitted for histopathological examination.
| Follow-up and seizure outcome
All patients who underwent surgery were seen in the outpatient clinic by the operating neurosurgeon 6 weeks after the operation for general examination. Further clinical review was carried out at 6 and 12 months postoperatively. A repeat MRI was performed to determine the presence of any residual tumor 3-12 months after surgery. Postsurgical neuropsychological tests were performed 12 months after surgery to assess postoperative neuropsychological state. Seizure outcome was recorded using the Engel classification. 16 Weaning of medication was usually initiated 6-24 months postsurgery depending on the degree of seizure control.
| Statistical analysis
To assess the relationship between seizure outcome and pre-and postoperative factors, the patients were categorized into 2 groups (group A corresponding to Engel class I and group B corresponding to Engel class II, III, and IV). Statistical analysis was carried out using SPSS statistics software version 22 (IBM, Armonk, NY, USA). Univariate logistic regression was used to analyze the effects of age at seizure onset, degree of resection, tumor location, histopathology, duration of epilepsy until surgery, and age at surgery on seizure outcome. Linear regression analysis was used for the analysis of the effects of epilepsy duration and age at seizure onset on cognitive outcomes. A P value < .05 was considered statistically significant.
| RESULTS
| Demographics and clinical characteristics
One hundred ninety patients presented to GOSH with seizures secondary to GNTs in the period between 1995 and 2015. Forty patients were excluded because of incomplete data. Of the 40 patients, 21 underwent resection; however, no operative or follow-up data were available. Six patients were controlled on medications; however, they transitioned to adult neurosurgery and had no follow-up information. In 13 patients, no documents were available for review. A total of 150 patients were included in the study. Eighty-six patients were males, and 64 were females (male to female ratio 1.4:1). The presenting symptom in all the cases was epilepsy. Seizure type was reported in 125 patients; focal seizures with impaired awareness were the seizure type in 70 patients (56% of cases), 53 patients had focal seizures with unimpaired awareness (35% of cases), and 2 patients had infantile spasms. Evolution to a bilateral convulsive seizure was reported in 30 patients (20%).
The median age at seizure onset was 3 years (interquartile range [IQR] = 1-7). Figure 1 shows age distribution at seizure onset. The median age at the time of presentation to GOSH was 7.3 years (IQR = 4-13). The median duration from seizure onset until presentation to review at our institution was 2.8 years (IQR = 1-5.4).
MRI scans revealed that the tumor was located in the temporal lobe in 66%, the frontal lobe in 16%, the parietal lobe in 11%, and the occipital lobe in 7%. Figure 2 illustrates tumor location frequency.
Some cases with GNTs found on histopathological assessment of surgical specimens were previously given alternative radiological diagnoses at presentation. Initial radiological diagnosis consisted of 100 cases of DNT (66.2%), 20 GNT (13.2%), 17 focal cortical dysplasia (FCD) (11.3%), 8 GG (5.3%), 3 hippocampal sclerosis (2%), and 1 hamartoma (0.7%).
| Surgical resection and histopathology
Of the 150 patients reviewed, 121 patients (80.5%) underwent surgery, 18 patients (12%) had adequate seizure control on medication without surgery, and 11 (7.3%) were undergoing presurgical evaluation at the time of this data collection. Of the patients who did not undergo surgery, 2 of them were deemed to be unsuitable candidates for surgery due to the proximity of the tumor to the eloquent cortex. Therefore, of those who had completed evaluation, F I G U R E 1 Distribution of age at seizure onset (years) 121/139 (87%) of those presenting with GNT-associated epilepsy went on to surgery.
In those who underwent surgery, the indication for surgery was for seizure control in 111 patients (91.7% cases), whereas surgery was performed in 10 patients (8.3% of cases) for tumor progression. Patients who underwent surgery were resistant to a median of 4 AEDs before surgery (range = 2-5 drugs). The most commonly used AEDs were carbamazepine, lamotrigine, sodium valproate, and levetiracetam.
Median duration from seizure onset until the time of surgery was 4.2 years (IQR = 2.2-8). The median age at time of surgery was 9.3 years (IQR = 6-14). The median duration from first presentation to our institution until surgery was 1.5 years (IQR = 0.5-2.5). Figure 3 shows patient distribution based on the time from seizure onset until surgery. Figure 4 shows the distribution of age at time of surgery.
Histopathology confirmed the tumor as DNT in 47 patients (38.8%) and GG in 44 cases (36.3%), GNT not otherwise specified in 28 (23.1%), 1 desmoplastic GG, and 1 angiocentric glioma. Additional pathology was found in 9 cases (FCD in 5 [5.0%], and hippocampal sclerosis in 4 [3.3%] cases).
| Postoperative complications
Six patients (4.5% of cases) suffered postoperative complications. Three patients had transient blurring of vision, 1 patient developed a subdural empyema, and 2 patients developed pseudomeningocele that required drainage via needle aspiration. No patients suffered from permanent motor or visual deficits.
| Postoperative MRI
At 12 months following surgery, MRI in 56 cases (45.8%) showed no tumor residuum, whereas in 50 (40.8%) patients residual tumor tissue was seen. Fourteen patients (11.7%) were yet to undergo imaging, or their MRI results were not available for review at the time of this data collection. 
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At last documented follow-up, AEDs were discontinued in 39 (42.9%) seizure-free patients. The remaining 53 Engel class I patients (58.1%) continued taking 1 or 2 AEDs.
Twelve patients underwent reoperation at a median of 5.3 years after the first procedure. Eight patients underwent a second procedure due to seizure recurrence, and 4 patients had surgery because of growth of tumor residuum. Of the 8 patients who underwent a second operation for seizure recurrence, 4 achieved seizure freedom. The remaining 3 patients achieved seizure freedom after a third procedure (2 underwent further resection and 1 underwent gamma knife radiosurgery). In 1 patient, seizures remain poorly controlled, and further evaluation is ongoing.
| Relation of preoperative parameters to seizure outcome
Eighty-two patients with at least 12 months of postoperative follow-up had postoperative MRI reports available. Thirty-eight patients had complete resection of the tumor, whereas 44 patients had some residual tumor. Of those with complete resection, 33 (86.8%) patients were classified in group A, and 5 patients (13.2% of cases) were classified in group B. Of those with residual tumor on postoperative MRI, 31 patients (70%) were classified as group A, and 13 patients (30%) were classified as group B. Patients with complete resection were more likely to be seizure-free (P = .026).
The median duration from epilepsy onset until surgery was 5.4 years in patients who were in group A at last follow-up (minimum 12 months of follow-up). Patients in group B had a median duration of 4 years from seizure onset to time of surgery. No relationship was identified between duration of epilepsy until surgery and seizure outcome (P = .46). The age at seizure onset (P = .992) and the age at surgery (P = .117) did not correlate with seizure outcome.
Seizure type was reported in 73 patients with at least 12 months of follow-up after surgery. Thirteen patients had seizures that evolved to a bilateral convulsive seizure. Seizure outcome did not correlate with seizure type or evolution (P = .58, .69, respectively). Sixty patients with DNTs and 32 patients with GGs were followed up for a minimum of 12 months. No correlation was established between histopathology and seizure outcome (P = .89). Table 1 summarizes the presurgical factors and seizure outcome after surgery.
| Neuropsychological findings
Preoperative FSIQ was available for 90 patients. Median FSIQ was 81 (IQR = 71-95). Distribution of FSIQ is shown in Figure 5 . Higher preoperative FSIQ was related to shorter duration of epilepsy until surgery (coefficient = À1.7, P = .012). Higher preoperative FSIQ was also related to an older age at seizure onset Duration of epilepsy until surgery, age at seizure onset, and degree of resection did not significantly predict postoperative FSIQ.
The difference between pre-and postoperative FSIQ did not correlate with the duration of epilepsy until surgery and the age at seizure onset (P > .05).
| DISCUSSION
In this study, the natural history and outcomes of children presenting to GOSH with epilepsy due to GNTs are presented. Surgical resection of these tumors provides children with a high chance of seizure cure. Complete tumor resection is the main predictor for seizure freedom after surgery. Factors such as the duration of epilepsy until surgery, age at seizure onset, and tumor location are not found to influence seizure freedom rates after surgery. An older age at seizure onset and a shorter epilepsy duration until surgery are associated with higher preoperative FSIQ.
| Surgery and postoperative complications
The vast majority (>80%) of patients presenting with GNTassociated epilepsy at our institution go on to have surgical treatment. Epilepsy control is the main therapeutic goal for surgical resection of GNTs. 3, 17, 18 In our series, 91.7% of patients underwent surgery for seizure control. Additionally, the remaining 8.3% of patients underwent surgery because of tumor growth detected with serial neuroimaging. No malignant transformation was observed in this series. However, although the biological nature of these tumors is usually benign, particularly when patients present with epilepsy, cases of tumor growth or malignant transformation have been reported. 1, 3, 19 Additionally we found that longer duration from onset of epilepsy to surgery was associated with lower preoperative FSIQ. These data suggest that resective surgery in this group should be offered sooner and should be discussed with patients and families at diagnosis rather than waiting until current definitions of drug resistance are met. Forty-six percent of patients had complete resection on postoperative imaging. This is low compared to some reports in the literature. Sandberg et al. 9 report that gross total resection of the tumor was achieved in 100% of patients included in their analysis. The surgical policy deployed avoids following the tumor into the potentially eloquent white matter tracts. In particular, the majority of these cases involved the temporal lobe, and these tumors often extend into the temporal stem. These portions of the tumors were not resected to reduce the risk of adverse events. This strategy is supported by the high rates of seizure freedom presented in this study. Complications following surgery were recorded in 4.5% patients. Complication rates reported in the literature following resection of GNT range between 0% and 52%. 12, 20 The low complication rate reported in this series compares favorably with the literature. The most common postoperative complication reported was transient visual deficit. Visual deficits are the most commonly reported complication in the literature, particularly when the tumor is located in the temporal lobe. 21 
| Seizure outcome
In this study, seizure freedom rate at final follow-up was 80.4%. This is consistent with the literature-reported seizure-free rates of 62%-100%. 8, 9 In our series, 42.9% of seizure-free patients were successfully weaned off medications at final follow-up. Aronica et al. 3 report that 20% of their patients were successfully weaned off medications, whereas Lee et al. 20 reported 70%. However, using the percentage of people off medications may not be an accurate representation of treatment success. This is because the decision to wean patients off AEDs is influenced by many factors, such as the preference of the treating physician, age of the patient, and duration of follow-up. 22 In our series, 8 patients underwent a second operation for seizure control, of whom 4 patients achieved seizure freedom. The practice at GOSH is that patients with recurrent seizures after the first surgery and the presence of residual tumor on imaging would undergo repeat evaluation to determine the appropriateness of revision surgery. Ramantani et al. 23 report that patients who undergo a second operation due to seizure recurrence have a higher chance of achieving seizure freedom (3 patients required a second operation; the 3 patients became seizure-free after surgery). They recommend that reoperation should occur at the youngest age possible, to profit from the high level of plasticity in the developing brain to compensate for any neurological deficits. 23 
| Prognostic factors
In our series, complete resection with no residual tumor on postoperative neuroimaging was the only factor associated FARAMAND ET AL.
| 175 with higher rates of seizure freedom. Higher rates of seizure freedom after complete tumor resection have been previously demonstrated in adult and pediatric populations with lesional epilepsy, including DNT and GG. 8, 13, 24 However, in contrast to our findings, Kirkpatrick et al. 12 did not find the completeness of resection to be related to seizure outcome. Blumcke and Wiestler 17 also found that seizure outcome was influenced by the resection of the epileptogenic lesion and not by complete resection of the tumor. Nevertheless, Giulioni et al. 10 report higher rates of seizure freedom compared to Blumcke and Wiestler, 17 despite the resection of the tumor alone (86.6% and 72%, respectively). Some patients in this study who had complete tumor resection were not seizure-free at final follow-up. Conversely, another group of patients who were seizure-free at final follow-up showed residual tumor on postoperative MRI. The rate of complete tumor resection in this series reflects a surgical strategy in the earlier patients to restrict resection to the gray matter (presumed epileptogenic component) of the tumor rather than chasing tumor into the white matter. In some patients, such as those with extension into the temporal stem and basal ganglia, this strategy may reduce surgical risks. Pilcher et al. 25 found that a group of patients were seizure-free after lesionectomy, although the preoperatively identified epileptogenic lesion was not resected. They propose that whether the surrounding brain tissue needs resection depends on the degree of reorganization that this brain tissue has undergone over time, and its ability to independently produce seizures. 25 Hu et al. 26 reported seizure outcome in 55 patients who underwent surgery for the management of epileptogenic GGs. They found no difference in seizure outcome between patients who underwent lesionectomy and patients who underwent resection of the tumor and the surrounding tissue. 26 Complete resection improves seizure outcomes in patients with many brain pathologies, including low-grade gliomas, FCD, and cavernous malformations. 27 Aronica et al. report that residual GG is observed in tumors that undergo malignant transformation. Therefore, complete tumor resection should be pursued whenever possible to optimize seizure control and reduce the risk of future tumor growth or malignant transformation. 3, 28 However, complete resection may be challenging, particularly if the tumor involves or is in close proximity to eloquent brain regions. 10 There was no correlation between seizure outcome and duration of epilepsy. Notably 36 of 44 children with a long history of epilepsy (range = 5-14 years) were seizure-free postoperatively. This finding is in line with the reports by Giulioni et al., Lee et 3 However, in line with our results, Aronica et al. 3 found that the age at operation also did not influence seizure outcome. Seizure outcome did not differ according to location of the tumor. Of the reviewed literature, only Chang et al. 11 found that tumors located in the temporal lobe were associated with better seizure outcome. Patients with seizures that evolved to bilateral convulsive seizures did not have worse seizure outcome. This is in contrast to the findings by Morris et al., Aronica et al., and Minkin et al. 1, 3, 31 There was no statistically significant difference in seizure outcome according to the subtype of GNT. Clusmann et al. 18 found that patients with underlying GNTs were more likely to be seizure-free after surgery compared to patients with an underlying glioma (astrocytoma, oligoastrocytoma, and glioblastoma).
| Neuropsychology
In our series, the group of patients with a longer duration of epilepsy prior to surgery had a lower preoperative FSIQ. This is in line with published reports by Cormack et al., Garcia-Fernandez et al., and Ramantani et al., 13, 14, 32 who report worse cognitive outcomes in patients with lower age at seizure onset. Neuropsychological studies have demonstrated that an earlier age at seizure onset is associated with poorer cognitive functioning. 33 Vendrame et al. 34 analyzed cognitive outcomes in children younger than 3 years who were diagnosed with epilepsy. They found that an earlier age at seizure onset and a longer duration of epilepsy are associated with worse cognitive outcomes. They also added that long-term epilepsy may reduce brain plasticity, and as such a longer epilepsy duration may limit possible postoperative gains in cognitive function. 34 Skirrow et al. 35 studied the long-term cognitive outcomes (>5 years) in children who underwent surgery for resistant temporal lobe epilepsy. They report gains in FSIQ in children who underwent resection. This was attributed to the cessation of AEDs in seizure-free patients following surgery. 35 In addition to the lower FSIQ observed with longer epilepsy duration, Garcia-Fernandez et al. 13 reported better cognitive outcomes in patients who undergo surgery before seizures become medically intractable. Surgical intervention early after the onset of seizures may protect against the known deleterious effects of chronic epilepsy on the developing brain. 36 In this study, the median duration between seizure onset and referral to the epilepsy surgery unit was 2.5 years. In 2012, The National Institute for Health and Care Excellence published recommendations encouraging early referral for children with epilepsy, because of the profound developmental, behavioral, and psychological effects that may be associated with continuing seizures. Such recommendations can help shorten the interval between seizure onset and time of surgery, and so minimize the possible decline in neurocognitive functions.
Postoperative FSIQ was found to be significantly dependent on preoperative FSIQ results. One year postoperative neuropsychological evaluation revealed FSIQ improvement in 25 patients, a decline in 15 patients, and no change in 1 patient. However, a longer duration of follow-up may be required to determine the eventual change in FSIQ. Skirrow et al. 35 studied the long-term intellectual outcomes after temporal lobe epilepsy surgery in children. They found that improvements in intellectual function need 6 or more postoperative years to be observed. 35 Our data show that resection of brain tissue in this group of patients does not appear to have a short-term deleterious effect on cognitive function.
| FUTURE DIRECTIONS AND STUDY LIMITATIONS
Methodological limitations related to the retrospective nature of the study limit the significance of our results. Performing randomized controlled trials to compare outcomes across a homogenous group of patients can provide stronger conclusions and recommendations. The variable intervals between presurgical evaluation and follow-up reduce the ability to effectively compare seizure outcomes among patients. It has also been reported that seizure freedom declines with time. 8 However, because seizure outcomes were reported on variable follow-up periods, this potential drop in seizure freedom over time is complex to study. Reporting seizure outcomes at specific follow-up intervals for all patients can help overcome this limitation. The proportion of seizure-free patients is high; as such, the ability to detect statistically significant differences between seizure-free and not seizure-free groups is difficult. Studying a larger patient population can help overcome this limitation.
This study analyses seizure and cognitive outcomes in DNT and GG patients who underwent surgery for drugresistant epilepsy. Reports suggesting better outcomes in patients undergoing surgery before seizure refractoriness is established are interesting. Trials should be considered to determine whether better outcomes are achieved when surgery is done early, before drug resistance is established.
FSIQ was used to measure cognitive outcomes in children. However, behavioral problems are commonly seen in patients with brain tumors, particularly when the tumor is located in the frontal lobe. 37 As such, our neuropsychological results are limited by the limitations of the measure (FSIQ) used to detect them. A study focusing on the different cognitive and behavioral aspects in children with GNTs could provide more information on the short-and long-term effects of epilepsy on the developing brain. In addition, longer duration of follow-up is expected to shed more light on the long-term cognitive outcome and the change after seizure control and cessation of AEDs, as the effect on FSIQ after surgery in other patient groups has been shown to become apparent only after some time (>5 years). 35 
| CONCLUSION
The vast majority of children with GNT presenting with seizures are refractory to AEDs and go on to have surgical treatment. Our results support surgical intervention to treat epilepsy due to GNTs in pediatric patients. This is supported by the high seizure freedom rate (80.4%), the low postoperative morbidity (4.5%), and the high rate of stopping AEDs in patients who are seizure-free (42.9%). Early and complete tumor resection, when possible, should be performed to optimize seizure and more importantly cognitive outcomes. A shorter epilepsy duration prior to surgery is associated with better preoperative cognitive function.
